FtsQ, a 276-amino-acid, bitopic membrane protein, is one of the nine proteins known to be essential for cell division in gram-negative bacterium Escherichia coli. To define residues in FtsQ critical for function, we performed random mutagenesis on the ftsQ gene and identified four alleles (ftsQ2, ftsQ6, ftsQ15, and ftsQ65) that fail to complement the ftsQ1(Ts) mutation at the restrictive temperature. Two of the mutant proteins, FtsQ6 and FtsQ15, are functional at lower temperatures but are unable to localize to the division site unless wild-type FtsQ is depleted, suggesting that they compete poorly with the wild-type protein for septal targeting. The other two mutants, FtsQ2 and FtsQ65, are nonfunctional at all temperatures tested and have dominantnegative effects when expressed in an ftsQ1(Ts) strain at the permissive temperature. FtsQ2 and FtsQ65 localize to the division site in the presence or absence of endogenous FtsQ, but they cannot recruit downstream cell division proteins, such as FtsL, to the septum. These results suggest that FtsQ2 and FtsQ65 compete efficiently for septal targeting but fail to promote the further assembly of the cell division machinery. Thus, we have separated the localization ability of FtsQ from its other functions, including recruitment of downstream cell division proteins, and are beginning to define regions of the protein responsible for these distinct capabilities.
While many fundamental cellular processes in bacteria, such as respiration, transcription, and translation, have clearly defined players and game plans, the team of molecular factors that carries out cytokinesis remains poorly characterized. In gram-negative bacterium Escherichia coli, at least nine genes (ftsA, ftsI, ftsK, ftsL, ftsN, ftsQ, ftsW, ftsZ, and zipA) are involved in constricting all three layers of the cell envelope at the septum and separating the two daughter cells (reviewed in references 26 and 33) . Strains containing mutations in any one of these genes fail to divide but continue to elongate, forming filamentous cells. In wild-type cells, all nine cell division proteins appear to be recruited in hierarchical order into a septal ring structure at the midcell region (26, 33) . Presumably, the septal ring is a multimeric protein complex that provides constrictive forces and synthesizes cell envelope components. Although the biochemical activities of certain cell division proteins are known, the detailed mechanisms by which these factors cooperatively promote septation are unclear.
FtsQ is an intermediate recruit to the septal ring with unknown function (10) . It is a bitopic membrane protein with a short (24-amino-acid) cytoplasmic amino terminus, a single (25-amino-acid) transmembrane segment, and a relatively large (227-amino-acid) periplasmic domain (7, 20) . This topology is shared by several other cell division proteins, such as DivIB, the FtsQ homolog in Bacillus subtilis (21, 23) , and FtsN, FtsL, and FtsI in E. coli (3, 13, 18, 20) . Since FtsI, also known as PBP3, is a transpeptidase specifically required for peptidoglycan synthesis at the septum (1, 22 ; reviewed in reference 30), FtsQ may play a role in cell wall synthesis as well. First, homologs of FtsQ are not found in bacterial species without a cell wall (31, 39) . Second, FtsQ has low sequence identity (17%) to Mpl, an enzyme involved in the recycling of peptidoglycan for cell wall synthesis (5, 27) . Finally, Katis and Wake (23) suggested that the greater abundance of DivIB in B. subtilis (5,000 molecules per cell [34] ) than of FtsQ in E. coli (less than 50 molecules per cell [7] ) might reflect the need of the bacterium to construct a thicker cell wall. However, there is no empirical evidence to implicate FtsQ in cell wall synthesis.
Genetic and cytological studies indicate that FtsQ functionally interacts with other cell division proteins. Overproduction of FtsQ causes filamentation of ftsA, ftsI, or ftsZ thermosensitive (Ts) mutants at the permissive temperature (11) , and overexpression of ftsN partially suppresses the ftsQ1(Ts) mutation (12) . Septal localization of FtsQ depends on the presence of FtsZ, FtsA, and FtsK but not FtsL, FtsW, FtsI, and FtsN (9, 10) . Rather, FtsL, FtsW, FtsI, and FtsN depend on FtsQ for their recruitment into the septal ring (2, 17, 40; K. Mercer and D. Weiss, personal communication). Nevertheless, no evidence for direct physical interaction of FtsQ with other cell division proteins exists, despite various attempts to detect such an interaction.
To investigate the role of FtsQ in cell division and its interaction with other proteins, we analyzed mutant alleles of ftsQ. In a genetic screen for loss-of-function mutations in ftsQ, we identified four alleles that failed to complement the ftsQ1(Ts) mutation. We determined whether these mutant alleles complement a null mutation in ftsQ and whether the proteins that they encode localize to the division site. Such analyses suggest that mutant FtsQ proteins compete with wild-type FtsQ for sequestration to a limited number of target sites in the septal ring. In addition, our results show that, while the presence of residues 50 to 247 of FtsQ is sufficient for this sequestration process, the last 29 amino acids of the protein are necessary for function. One activity of FtsQ that requires this carboxy-terminal region is the recruitment of downstream cell division proteins, such as FtsL.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids used in this study are listed in Table 1 . Rich media used were NZY liquid broth and agar, which differ from Luria broth (28) in that tryptone is replaced by NZ amine A (Quest International) and in that the salt concentration is 8 g of NaCl per liter. Concentrations of antibiotics used in rich media were as follows: ampicillin, 200 (for bla on plasmid) or 25 (for bla on chromosome) g/ml; chloramphenicol, 10 g/ml; kanamycin, 40 g/ml; spectinomycin, 50 (in liquid) or 100 (in plate) g/ml; tetracycline, 15 g/ml. D-Glucose or L-arabinose was added at a final concentration of 0.2% to repress or induce, respectively, the expression of genes under the control of the P BAD promoter (19) .
Genetic and molecular biology procedures. Standard techniques were used for cloning and analysis of DNA, PCR, electroporation, transformation, and P1 transduction (29, 35) . Stable introduction of genes into the E. coli chromosome at the lambda attachment site via InCh was performed as described previously (4) . Enzymes used to manipulate DNA were from New England BioLabs or GIBCO Life Technologies. Oligonucleotides and deoxynucleoside triphosphates were obtained from GIBCO Life Technologies. DNA sequencing was performed by the Micro Core Facility at the Department of Microbiology and Molecular Genetics, Harvard Medical School.
Construction of ftsQE14::kan. The new ftsQ null allele was derived from ftsQ::TnphoA80 (7). Primers ddl291f (5Ј-CTACGCAGCAAACTTCTATG-3Ј) and ftsQ_E14r (5Ј-AGAGGTAACCTATTCTTCGCTGTTTCG-3Ј; BstEII site underlined) were used to amplify the 5Ј end of ftsQ from pZQ::TnphoA80 (pZQ containing the transposon insertion) (7). Codon 14 of ftsQ was mutated into a stop codon in the resulting PCR product with the help of ftsQ_E14r. This PCR product was digested with NsiI and BstEII and inserted into pZQ::TnphoA80 to replace the NsiI-BstEII fragment containing TnphoA and codons 14 to 80 of ftsQ. The resulting plasmid (pZQ_E14) contained ddl, the first 13 codons of ftsQ, kan (the gene coding for aminoglycoside-3Ј-O-phosphotransferase), the 3Ј end of ftsQ (after codon 80), and the 5Ј end of ftsA. The insert derived from PCR was confirmed by DNA sequencing. A linear fragment containing the region described above was obtained by digesting pZQ_E14 with XmnI and used to transform JCB495 (recD)/pLMG161. Transformants were selected on rich media containing ampicillin, kanamycin, and arabinose. Candidates were then screened by dependence on arabinose for growth. Allele replacement was confirmed by transduction with P1 and by PCR using primers Kan763f (5Ј-GCCTTCTAT CGCCTTCTTGA-3Ј) and ftsA253r (5Ј-AGAAAGCGCCAGATATACCG-3Ј). JOE260 was one such isolate.
PCR mutagenesis and genetic screens. The PCR mutagenesis protocol was modified from those previously described (15, 24) . Primers used to amplify ftsQ from pLMG161 were ftsQϪ31 (5Ј-GGCTAGCGAATTCTGGAACT-3Ј; EcoRI site underlined) and ftsQ3Јϩ153 (5Ј-GACCGCTTCTGCGTTCTGAT-3Ј). A 100-l reaction mixture included 10 ng of template DNA, 0.5 M (each) primer, 5 U of Taq DNA polymerase, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1 mM (each) pyrimidine (dCTP and dTTP), 0.2 mM (each) purine (dATP and dGTP), and 1 to 5 mM MgCl 2 . The reactions were done with 25 amplification cycles (95°C for 1 min, 54°C for 1 min, and 72°C for 1 min) followed by a final extension at 72°C for 5 min. The resulting PCR products, 1,015 bp in length, were digested with EcoRI and HindIII and inserted into pLMG161 to replace the original ftsQ gene. Ligated plasmids were transformed into KS272 or MJC129. Transformants were selected on NZY plates containing ampicillin and glucose at 30°C and then replica plated onto NZY containing ampicillin plus glucose or arabinose. KS272 transformants were screened at 30 and 37°C, while MJC129 transformants were screened at 30 and 42°C. Candidates exhibiting mutant phenotypes were confirmed by restreaking. Plasmids of interest were purified and transformed into a fresh background to confirm their phenotypes. Plasmids derived from pLMG161 carrying mutant ftsQ were designated pMM. To detect expressed proteins, we grew candidate strains in rich media containing ampicillin and arabinose until early log phase and then harvested them for immunoblotting.
Growth conditions for complementation and expression analyses. To determine complementation of the ftsQ1(Ts) mutation, we streaked cells carrying pBAD18-derived plasmids onto NZY plates containing ampicillin plus glucose or arabinose. Levels of growth were compared after overnight incubation at 30 or 42°C. Complementation of the null mutation by gfp fusion alleles was assessed as described previously (10) .
We tested whether expression of the mutant FtsQ proteins caused a deleterious effect in ftsQ ϩ backgrounds by using procedures similar to those used for complementation analysis. Wild-type cells carrying pBAD18-derived plasmids were restreaked and incubated overnight at 37°C. No colony formation defect was observed. To increase the level of the mutant FtsQ protein, we introduced the plasmids into a degP ftsQ ϩ strain, which lacks a protease that degrades abnormal periplasmic proteins (37) . Expression of the mutant alleles in that strain did not cause any effect either, but we did not check whether steady-state levels of mutant FtsQ in degP and degP ϩ strains were different. We then put the alleles into an expression vector (pTrc99a) under the control of an IPTG (isopropyl-␤-D-thiogalactopyranoside)-regulated promoter. We streaked cells onto plates containing ampicillin and different concentrations of IPTG, ranging from 0 to 1 mM. Plates were incubated at 30, 37, or 42°C. At a high induction level (1 mM IPTG), expression of wild-type ftsQ from this plasmid was deleterious to cells; no colony formation was observed. Expression of mutant ftsQ at the same induction level led to smaller colonies but did not stop growth.
To examine the morphology of ftsQ1(Ts) cells expressing mutant ftsQ from pBAD18, we grew overnight cultures in rich media containing ampicillin and glucose. The cells were subcultured into NZY with ampicillin plus glucose or arabinose and grown until early log phase, after about 2 to 3 h, when they were harvested and chemically fixed for phase-contrast microscopy. Samples used to examine localization and expression levels of mutant green fluorescent protein (GFP)-FtsQ in wild-type cells ( Fig. 2 and 3) were obtained with procedures similar to those described previously (10) . All cultures were grown at 30°C.
Procedures to deplete cells of wild-type FtsQ were similar to or modified from those used previously (10) . To localize mutant GFP-FtsQ in cells depleted of wild-type FtsQ, we grew overnight cultures with the appropriate antibiotics plus arabinose and used these to inoculate rich media containing chloramphenicol, arabinose, and 10 M IPTG. The starter cultures were grown until the optical density at 600 nm (OD 600 ) reached between 0.2 and 0.3; then cells were centrifuged, resuspended in rich media containing chloramphenicol, glucose, and 10 M IPTG, and inoculated 1:80 to 1:100 into the same glucose media. Cultures were grown until early log phase, when the appropriate cells became filamentous, and then were harvested for microscopy or immunoblotting. Similar growth conditions were used to observe FtsA-GFP and GFP-FtsL localization when mutant ftsQ is expressed instead of wild-type ftsQ, except that spectinomycin was added to select for plasmid maintenance; in addition, IPTG was not used in the starter cultures but was added at 1 mM in the glucose media. All growth in liquid cultures was conducted at 30°C.
Phase-contrast and fluorescence microscopy. Cells were harvested, chemically fixed, and prepared for microscopy as previously described (10) . To examine cells expressing GFP, we used an Axioskop 2 microscope (Carl Zeiss) equipped with a 63ϫ plan-Apochromat oil immersion objective (numerical aperture, 1.4) and a 100-W mercury lamp. The filter set for GFP fluorescence (HQ: fluorescein isothiocyanate/Bodipy/Fluo3) was from Chroma Technology Corp. Images were captured with an Orca, 12-bit, cooled charge-coupled device camera (C4742-95; Hamamatsu Photonics) and Carl Zeiss Axiovision software, with an exposure time of 1 min. Images were processed in Adobe Photoshop and CorelDRAW for presentation. Phase-contrast images for Fig. 1 were obtained using the same microscope, with a 40ϫ CP-Achromat objective and the same image capture system.
Immunoblotting. Immunoblotting with anti-FtsQ or anti-GFP antibodies was done essentially as previously described (10) .
RESULTS
Genetic screens for mutant ftsQ. To facilitate our study of FtsQ and its function in cell division, we conducted a screen for trans-dominant-negative alleles of ftsQ. To perform the genetic screen, we first mutagenized ftsQ by PCR and inserted the resulting fragments into pBAD18 (19) such that ftsQ is under the control of the arabinose-dependent promoter. The pool of ligation products was transformed into wild-type cells under the repressing condition, with glucose in the media, and the transformants were replica plated onto rich media containing glucose or arabinose to repress or induce, respectively, expression from the P BAD promoter. Strains transformed with plas- In a parallel screen, we used similarly mutagenized plasmids to look for missense mutations that failed to complement the ftsQ1(Ts) allele. We wanted to identify residues critical to FtsQ function through such mutations. Mutagenized plasmids were transformed into cells carrying the ftsQ1(Ts) allele at the permissive temperature, and the transformants were replica plated to compare levels of growth in three different situations: with glucose at 30°C (repressing, permissive), with arabinose at 30°C (inducing, permissive), and with arabinose at 42°C (inducing, restrictive). Wild-type ftsQ on the plasmid allowed growth of the temperature-sensitive strain in all three situations, while the alleles we were seeking should not support growth at the restrictive temperature. We replica plated onto rich media containing glucose at the permissive temperature in case a mutant allele is dominant negative, and, as discussed below, this precaution turned out to be warranted. Screening 1,200 transformants yielded 13 candidate plasmids, indicating that the PCR mutagenesis protocol worked and that the failure to identify a dominant-negative allele in the first screen was not a consequence of inefficient mutagenesis.
To screen out alleles that did not generate protein products, including ones with nonsense mutations near the beginning of the gene, we performed immunoblot analysis on cells harboring the candidate plasmids grown under inducing conditions (data not shown). Polyclonal antibodies used in the analysis were made against the periplasmic domain of FtsQ (10) . Four of the 13 candidates expressed protein products detectable above the endogenous level of FtsQ: ftsQ2, ftsQ6, ftsQ15, and ftsQ65. One of the four alleles (ftsQ2) produced a truncated protein. Expression levels from all four alleles on these plasmids were reduced compared to that of wild-type ftsQ on the same plasmid, giving expression levels similar to that of endogenous ftsQ on the chromosome (data not shown). The reduced steady-state levels of the mutant proteins suggest that they may be less stable than the wild-type protein.
DNA sequencing of the four independent mutant ftsQ alleles revealed that each allele contained two to four point mutations, all in the region corresponding to the periplasmic domain of FtsQ ( Table 2 ). The mutations consisted of both transitions and transversions. The ftsQ2 allele contained two mutations: a nonsense mutation at codon 248, resulting in the production of a truncated FtsQ missing its last 29 amino acids, and a missense mutation at codon 249, which did not affect the protein product as it followed the nonsense codon. We separated the double and triple mutations in ftsQ6 and ftsQ15, respectively, generating four new alleles: ftsQ81 (L181R), ftsQ82 (F145L), ftsQ83 (Y227D), and ftsQ84 (Q108L, V111G). Each of these alleles was able to complement the ftsQ1(Ts) mutation at the restrictive temperature. Thus, at least for ftsQ6 and ftsQ15, the component mutations were required to be present together in the same gene to yield the nonfunctional phenotype.
Characterization of mutant ftsQ in ftsQ1(Ts) and ftsQ ؉ backgrounds. During the course of the genetic screen, we noticed that ftsQ2 behaved as a dominant-negative mutant in the ftsQ1(Ts) background (Table 3 ). The diploid strain formed tiny colonies when expression of the FtsQ2 protein was induced at the permissive temperature. The small colony size was reflected in the lower growth rate in liquid culture at 30°C (data not shown). The ftsQ65 allele also exhibited a dominantnegative effect in the ftsQ1(Ts) background, albeit weaker than that of ftsQ2. The two other alleles, ftsQ6 and ftsQ15, showed no trans-dominant effects. We examined ftsQ1(Ts) cells expressing ftsQ2 to determine whether the dominant-negative effect manifested itself in a cell division defect. While strains carrying the ftsQ1(Ts) mutation already exhibited some degree of filamentation at the permissive temperature, expression of ftsQ2 exacerbated the filamentation phenotype (Fig. 1) . Thus, FtsQ2 appears to inhibit division in ftsQ1(Ts) cells. However, expression of mutant alleles ftsQ2 and ftsQ65 from pBAD18 did not cause any observable dominant effect in ftsQ ϩ cells. We tested expression from a different plasmid and in different genetic backgrounds (see Materials and Methods) but did not find a significant effect.
Next, we used fusions to GFP to determine whether the ftsQ mutations were affecting the abilities of the mutant proteins to localize to the division site. Constructs expressing GFP fused to the amino termini of the mutant FtsQ proteins were placed under the control of an IPTG-regulated promoter and integrated into the chromosome in single copy (Table 1 and Materials and Methods). In merodiploid cells expressing both a Growth of ftsQ1(Ts) cells expressing mutant ftsQ was assessed with strains MJC129 or JOE333 as described in Materials and Methods. Plasmids used were pBAD18, pLMG161, pMM2, pMM6, pMM15, pMM65, pLD104, and pLD92. Scoring ranged from good growth (ϩϩ) to no growth (Ϫ).
b Complementation of ftsQE14::kan null allele by mutant gfp-ftsQ was determined as described previously (10) . Strains used were derived from KS272 (JOE428 to -435) or MC4100 (JOE436 to -443). MC4100-derived strains tended to grow better than their KS272 counterparts under the same conditions. Complementation ranged from good (ϩϩ) to none (Ϫ).
c Septal localization was scored in wild-type background as described previously (10); n, number of cells scored. All localization frequencies were measured when cells were grown with 10 M IPTG, except for the second, higher percentage of ftsQ2, which was measured with 25 M IPTG induction. Frequencies listed for vector, FFQ, and QQL were obtained previously with a different microscope (10) . Strains used were EC452, EC442, JOE299, JOE301, JOE303, JOE305, JOE196, and JOE257.
wild-type FtsQ and either GFP-FtsQ2 or -FtsQ65, fluorescent dots or bands were observed in the midcell region, indicating septal localization of both mutant proteins ( Fig. 2a and d) . In contrast, mutant proteins encoded by the ftsQ6 and ftsQ15 alleles did not localize to the division site (Fig. 2b and c) . Immunoblotting indicated that the mutant GFP-FtsQ fusions were expressed at similar levels (Fig. 3, lanes 6 and 8 to 10 ). These results suggest that the noncomplementing phenotype of ftsQ6 and ftsQ15 might be caused by the failure of the proteins to localize to the division site.
Although GFP-FtsQ2 and -FtsQ65 were recruited to the division site, the relative intensities of their localization signals were reduced compared to that of GFP-FtsQ; fluorescent dots or bands in the cell center were less frequently observed (Table  3 ). This may be explained by the fact that the mutant GFP fusions were expressed at levels lower than that of endogenous FtsQ (Fig. 3) . Higher induction slightly increased the localization frequency of GFP-FtsQ2 (Table 3) but not those of the other three mutant fusions (data not shown). Immunoblotting revealed that while more full-length fusion proteins were produced at higher induction (25 M IPTG and above), more breakdown products were also generated (Fig. 3, lane 7 , and data not shown). Since an increase in breakdown products could obscure the localization signal by elevating the back- ground fluorescence, higher induction did not necessarily improve detection of septal recruitment.
Nevertheless, septal localization of FtsQ2 and FtsQ65 was detected, indicating that the proteins were defective in an aspect of their function other than localization. Notably, the ability to localize appeared to correlate with the severity of the dominant-negative phenotype: FtsQ2 was more deleterious than FtsQ65 when expressed in ftsQ1(Ts) cells, and it localized to the division site better. One explanation for these results is that the FtsQ2 and FtsQ65 proteins interacted well with other cell division components, sequestering them away from FtsQ1 at the septum. Replacing FtsQ1 with these mutant FtsQ proteins, which were defective in other functions, resulted in an inhibition of cell division.
Characterization of mutant ftsQ in strains with ftsQ null allele. We have previously studied the complementation properties of various derivatives of FtsQ using a "null" allele that expressed a fusion of alkaline phosphatase to FtsQ (10) . While the product encoded by the gene fusion was missing essentially the entire periplasmic domain of FtsQ, it still contained the cytoplasmic and transmembrane domains of the protein. We were concerned that complementation studies in such a background might be complicated by the continued expression of these two domains. Therefore, we constructed an ftsQ null allele (ftsQE14::kan) on the chromosome; in this allele codons 14 through 80 are replaced by a stop codon and the kanamycin resistance gene from TnphoA (see Materials and Methods). With this new, more complete null allele, we confirmed previous results (10) showing that the specific sequences of the cytoplasmic and transmembrane domains of FtsQ were not required for FtsQ function: when these sequences were replaced by comparable domains from an unrelated protein (maltose transport protein MalF), the "swap" protein (FFQ) was still active in promoting cell division (Table 3) . Furthermore, the swap protein localized to the septum in cells depleted of wild-type FtsQ (Fig. 4a) . On the other hand, a swap protein in which the periplasmic domain of FtsQ was replaced by the periplasmic domain of FtsL (QQL) was nonfunctional and failed to localize to the division site (Table 3 and Fig. 4b) .
Fusions of gfp to each of the mutant ftsQ alleles were used to test for complementation of the ftsQE14::kan null mutation to assess the functionality of the mutant GFP-FtsQ proteins at temperatures other than 42°C (Table 3) . Surprisingly, ftsQ6 and ftsQ15 complemented the null allele at 30°C and ftsQ6 was even slightly active at 37°C; they did not complement at 42°C ( Table 3 ). Considering that GFP-FtsQ6 and -FtsQ15 did not localize to the division site at 30°C in the presence of wild-type FtsQ, we wondered how they were able to complement the null mutation at the same temperature. So we examined localization of the GFP fusions in cells depleted of wild-type FtsQ at 30°C. GFP-FtsQ6 and -FtsQ15 now localized to the division site, and the cells exhibited fairly normal morphology (Fig. 4d  and e) . Immunoblotting confirmed that wild-type FtsQ was depleted in these cells and that the levels of the GFP fusions before and after depletion were comparable (data not shown). The ability of FtsQ6 and FtsQ15 to localize in FtsQ-depleted cells but not in wild-type cells suggests that the mutant proteins competed less well against wild-type FtsQ for septal recruitment. However, they were able to localize to the division site and function there once the competition disappeared. FtsQdepleted cells expressing gfp-ftsQ15 appeared to be longer, possibly due to reduced activity of the mutant protein.
On the other hand, ftsQ2 and ftsQ65 failed to complement the null mutation at all temperatures tested (Table 3) . GFPFtsQ2 and -FtsQ65 were able to localize in the wild-type background, and they continued to localize to potential division sites in filamentous cells depleted of FtsQ (Fig. 4c and f) . These results suggest that localization of the two mutant proteins in merodiploid cells was not due to interaction with and septal recruitment by wild-type FtsQ. The results also indicate that the last 29 amino acids of FtsQ, truncated in FtsQ2, are not involved in localization but are required for function. Depletion of wild-type FtsQ in these cells was confirmed by immunoblotting as well, and the levels of the GFP fusions before and after depletion were comparable (data not shown).
Since FtsQ2 and FtsQ65 localized to potential division sites without wild-type FtsQ and since their dominant-negative effects in ftsQ1(Ts) cells hinted at interactions with other division machinery components, we asked whether they are able to recruit downstream cell division proteins. Specifically, we investigated whether FtsQ2 or FtsQ65 can recruit FtsL, which depends on FtsQ for septal localization, to the division site. First, we constructed pAM238-derived plasmids with ftsQ(pJC53), ftsQ2(pJC54), or ftsQ65(pJC57) under the control of the lac promoter (Table 1) . We tested these low-copynumber plasmids by introducing them into an FtsQ depletion strain carrying lacI q . In the absence of arabinose, the strain containing pJC53 required at least 100 M IPTG for colony formation, while the other strains did not grow under the same conditions (data not shown).
We then transformed these plasmids into FtsQ depletion strains carrying ftsA-gfp or gfp-ftsL; expression of both fusions was regulated by a weak IPTG-dependent promoter (P 206 ) (40) . These strains were grown without arabinose to deplete FtsQ but with IPTG to induce expression of the gfp fusion from the chromosome and wild-type or mutant ftsQ from pAM238- derived plasmids. Cells expressing ftsQ were normal in morphology, while those expressing ftsQ2 or ftsQ65 became filamentous (Fig. 5) . These cells were chemically fixed and examined by fluorescence microscopy to determine the localization patterns of FtsA-GFP and GFP-FtsL. Both fusion proteins localized to the septa of normally dividing cells expressing FtsQ (Fig. 5a and b) . Since it does not depend on the presence of FtsQ for septal recruitment, GFP-FtsA localized to potential division sites in filaments expressing FtsQ2 or FtsQ65 (Fig.  5c and e) . On the other hand, GFP-FtsL did not localize in the mutant filaments ( Fig. 5d and f) . Immunoblot analysis indicated that mutant FtsQ proteins in these strains were produced at levels similar to or higher than those of the corresponding GFP fusions in wild-type cells ( Fig. 6 ; GFP-FtsQ6 in lane 9 served as a standard for comparing expression from pAM238 versus expression from P 207 on the chromosome). Hence, the lack of GFP-FtsL localization was not caused by insufficient expression of mutant FtsQ. These results indicated that FtsQ2 and FtsQ65 could not recruit cell division proteins that normally depended on FtsQ for localization.
DISCUSSION
In this paper we report the isolation of ftsQ mutants that illuminate aspects of the protein's activity, including possible interactions with other substrates at the division site. First, there appears to be a limited amount of the recruiting factor that attracts FtsQ to the division site; variant forms of FtsQ compete for this target when expressed in the same cell. Evidence from complementation and localization studies indicates that FtsQ, FtsQ2, and FtsQ65 have higher affinities for the recruiting factor than FtsQ1, FtsQ6, and FtsQ15. This hierarchy of affinities explains why FtsQ2 and FtsQ65 can localize to the division site in the presence of endogenous FtsQ, whereas FtsQ6 and FtsQ15 cannot, even when expressed at comparable or higher levels.
In addition, one possible explanation for the trans-dominant-negative effect of ftsQ2 in the ftsQ1(Ts) background is that FtsQ2 may compete with FtsQ1 at the septal sites. Site occupation by this inactive protein results in a lack of productive interactions and inhibits cell division in the ftsQ1(Ts) background. FtsQ2 does not exert its dominant-negative effect in the ftsQ ϩ background because wild-type FtsQ competes better for the septal sites, or at least sufficiently for cytokinesis to take place. Consistent with the idea that only a limited number of proteins can be incorporated into the septal ring, overproduction of GFP-FtsQ led to diffuse fluorescence throughout the cell membrane (4) . The nature of the septal recruiter for FtsQ remains to be determined, but sequestration must take place in the periplasm, where the essential domain of FtsQ is located. A possible candidate is another cell division protein such as FtsK, which contains a periplasmic region (14) and which is required for FtsQ localization (9) .
Another aspect of FtsQ activity revealed by the mutants is that the endogenous protein level is above the minimal requirement for effective cell division. In the absence of wildtype FtsQ, GFP-FtsQ6 and -FtsQ15 could localize to the division site and function reasonably well in cytokinesis at low temperature. Immunoblotting indicated that they were expressed at levels below that of endogenous FtsQ (Fig. 3 and data not shown). Thus, those lower levels were sufficient for growth under the conditions tested. At elevated temperatures, when ftsQ6 and ftsQ15 failed to complement mutations in ftsQ efficiently, the number of protein molecules required might be higher. Alternatively, FtsQ6 and FtsQ15 might be less stable at higher temperatures, or they might not localize to the division site or interact as well with other components of the cell division machinery.
In this study we also constructed a new ftsQ null allele for complementation analysis and confirmed that FtsQ could still function with its cytoplasmic and transmembrane domains replaced. Previous studies had suggested that the periplasmic region of FtsQ is the only essential part of the protein (6, 10, 13) , but the leakiness of the ftsQ mutations used to assess complementation was a concern. The present analysis dispels that concern. There have been reports of similar findings regarding domain requirements for two other cell division proteins with similar topology: FtsN (13) and DivIB, the FtsQ homolog of B. subtilis (23) .
Analysis of the mutant alleles identified some of the structural determinants of FtsQ activity as well. We deduced that the septal targeting signal resides within amino acids 50 to 247. The first 49 and the last 29 residues are not involved because both FFQ and FtsQ2 can localize to the division site, independently of wild-type FtsQ. In addition, amino acids mutated in FtsQ6 and FtsQ15 appear to be important for septal localization, since these variant forms compete less well against FtsQ for the recruiting factor. All five mutations are located in the region containing the targeting signal (Table 2) . Although the five residues may contribute to interaction with the recruiter, none of them appears to be critical on its own. The noncomplementing phenotype of ftsQ6 and ftsQ15 was lost once the individual point mutations were separated. We must also consider the possibility that these mutations simply disrupt the structural integrity of the protein. This change in structure might destabilize interactions of other residues with the recruiting factor. When the degree of disruption was lessened at lower temperature, the noncomplementing phenotype was also suppressed.
Finally, we have separated the structural determinants within FtsQ that affect its localization from those that affect its other activities. While the last 29 amino acids of FtsQ are not required for septal targeting, they are important for function. Regardless of the expression level, ftsQ2 could not complement Ts or null mutations in ftsQ. Similarly, one or a combination of the mutations in ftsQ65 appears to interfere with FtsQ function. Like the 29-amino-acid truncation, these mutations did not abolish FtsQ's localization activity. One of the protein activities disrupted by the nonsense mutation in ftsQ2 and the missense mutations in ftsQ65 is septal recruitment of cell division proteins downstream. For instance, when cells produced FtsQ2 or FtsQ65 instead of FtsQ, FtsL failed to localize to the division site. How FtsQ mediates this recruitment activity remains to be determined. The mutant proteins may be defective because they simply lost the ability to interact physically with downstream proteins, or they may have lost a biochemical activity that is necessary for recruitment to occur. FIG. 6 . Expression levels of ftsQ, ftsQ2, and ftsQ65 from pAM238 in ftsQE14::kan null cells. Cells were grown as for localization in Fig.  5 and as described in Materials and Methods. Immunoblotting was done with anti-FtsQ antibodies as described previously (10) . Lysates from cells carrying ftsA-gfp (JOE502 to -505) were loaded into lanes 1 through 4, while those from cells carrying gfp-ftsL (JOE510 to -513) were loaded into lanes 5 through 8. Lane 9 is similar to lane 8 in Fig.  3 , containing lysate from JOE301, which is an ftsQ ϩ strain carrying gfp-ftsQ6 at the lambda att site. Positions of FtsQ, FtsQ2, and GFPFtsQ6 are indicated on the left, while molecular mass standards in kilodaltons are on the right.
